Three H10 subtype avian influenza viruses were isolated from domestic ducks in China, designated as SH602/H10N8, FJ1761/H10N3 and SX3180/H10N7, with an intravenous pathogenicity index (IVPI) of 0.39, 1.60, and 1.27, respectively. These H10 viruses showed a complex pathology pattern in different species, although full genome characterizations of the viruses could not identify any molecular determinant underlying the observed phenotypes. Our findings describe the pathobiology of the three H10 subtype AIVs in chickens, ducks, and mice. FJ1761/H10N3 evolved E627K and Q591K substitutions in the gene encoding the PB2 protein in infected mice with severe lung damage, suggesting that H10 subtype avian influenza viruses are a potential threat to mammals.
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To characterize the molecular evolution of the three H10 viruses, the full-length genomes of the serially purified H10 viruses were sequenced and analyzed by using RT-PCR (Table 1 ).
In the phylogenetic tree of HA sequences, these viruses comprise different sublineages of the Eurasian lineage. H10N3 fell in the Europe sublineage, and H10N7 and H10N8 were located in the JX346-like (Asian) sublineage, which also contains H10N8 viruses (Fig. 1A) . The three H10 isolates shared the amino acid sequence (PEIMQGRGLFG) at the cleavage site between HA1 and HA2, indicating they are low pathogenic strains. The amino acids 95Y, 151W, 183H, 190E, 191K, 194L, 226Q, 227S, 228G, and 229R were observed at the receptor-binding pocket area of all 3 viruses. None of these residues have been reported to be involved in the recognition of human-type receptors, suggesting that all the isolates likely bind to avian-like receptors 30 .
All the isolates are likely susceptible to neuraminidase inhibitors (Oseltamivir, Zanamivir, and Peramivir) based upon their NA amino acid sequences 33 . In the phylogenetic trees of NA genes, evolution of the three strains showed significant differences (Fig. 1B) . SH602/H10N8 reassorted with a strain from an American lineage, closely related to A/duck/Beijing/33/04 (H3N8) 25 . FJ1761/H10N3 reassorted with A/duck/Zhejiang/12/2011 (H7N3), which has been classified in the Eurasian lineage 34 . SX3180/H10N7 reassorted with A/mallard/ Netherlands/2/2009 (H7N7) in the Eurasian lineage.
The PB2 segment of FJ1761/H10N3 seems to be derived from a highly pathogenic H5N1 strain (Fig. 1C ). However, the PB2 segments of SH602/H10N8 and SX3180/H10N7 viruses might be derived from different H4N6-like strains isolated from Mongolia or China, respectively (Fig. 1C) .
For PB1 and PA, FJ1761/H10N3 virus showed a unique reassortment pattern, in that the PB1 and PA segments were not from H4N6 subtype viruses ( Supplementary Fig. 1A,B ), but were instead derived from an H7N3 subtype AIV in Eastern China, very closely related to A/duck/Zhejiang/12/2011 (H7N3), which is also a donor for H7N9 AIV in humans 34 . For the NP segment, SX3180/H10N7 and FJ171/H10N3 viruses fell into an H7N3-like group, but only NP of SH602/H10N8 was from H4N6 subtype AIV ( Supplementary Fig. 1C ). The M and NS segments of all the three viruses appear to originate from a Korean H4N6-like subtype AIV isolated from wild ducks ( Supplementary Fig. 1D ,E) 35 .
Amino acids E627 and D701 were found in PB2 of all three H10 isolates, which suggests that the 3 isolates are poorly adapted to mammals 29 . Amino acids L26, V27, A30, and S31 in the M2 protein confer no resistance to M2 ion channel drugs 36, 37 . The three H10 viruses bear an ESEV motif in their NS1 carboxy termini,. indicating an H5N1-like PDZ domain related to virulence 38 .
The pathogenicity of H10 viruses vary in chickens.
To determine the pathogenicity of the H10 viruses in chickens, the virus stocks were purified three times by end-point infection. All three H10 viruses replicated to high titers in eggs ( Table 1 ). The viruses were injected into the veins of chickens and 10 days later the intravenous pathogenicity indices were calculated. The H10 viruses varied in pathogenicity to chickens. SH602/H10N8 is a lentogenic strain with an IVPI value of 0.39, and FJ1761/H10N3 and SX3180/H10N7 are highly pathogenic to chickens with IVPI values of 1.60 and 1.27 respectively 39 (Table 1) .
To characterize further the virulence and transmissibility of the H10 viruses in chickens, 4-week-old SPF chickens (10/group) were intranasally inoculated with 100 μ l virus stocks at a dose of 10 6 EID 50 . The titers of all the oralpharyngeal and the cloaca swabs in the SH602/H10N8 virus groups were below the detection limit at 3 dpi. However, a sight difference was observed between the FJ1761/H10N3 and SX3180/H10N7 viruses. In FJ1761/H10N3 virus -infected chickens, 3/10 oralpharyngeal swabs were positive with low titers of 10, 178, and 316 EID 50 /ml. In the cloaca swabs for this virus, only one was positive with a low titer of 316 EID 50 /ml. A low transmission capability of FJ1761/H10N3 was observed found in one of six oralpharyngeal swabs in the contact group (FJ1761-C group) with a low titer (10 EID 50 /ml). No virus was found in the cloaca swabs of the FJ1761-C group. For SX3180/H10N7-infected chickens, one was positive with a high titer of 1.78 × 10 3 EID 50 /ml and another was positive without dilution (10 EID 50 /mL). No virus was found in the contact group (SX3180-C) ( Fig. 2A) .
At 3 and 5 dpi, three chickens from each group were euthanized. No lesions were observed. No viruses were found in the chicken lungs by either titration or RT-PCR analysis. No significant pathology was observed in the lungs after H & E staining. The sera of the remaining chickens were collected for hemagglutination inhibition (HI) assays at 3, 5, and 14 dpi. Except for the titers under the detection limit at 3 dpi and 5 dpi, the sera were positive at 14 dpi. Three of four serum samples were positive with titers of 64, 128, and 128 in the SH602-I group, but the sera of the SH602-C group were under the detection limit. In the FJ1761-I group, all the HI titers were positive with titers of 32, 64, 128, and 256. In the FJ1761-C group, three sera samples were positive with titers of 128. In the SX3180-I group, the HI titers were also positive with HI titers of 32, 64, 128, and 256. In the SX3180-C group, three sera samples were positive with titers of 32, 64, and 128. Thus, FJ1761/H10N3 and SX3180/H10N7 viruses infect and are transmitted between chickens, whereas SH602/H10N8 virus does not ( Fig. 2B ). The H10 viruses were avirulent but transmissible in ducks. At 3 dpi of oralpharyngeal swabs, 70% of samples in SH602/H10N8-infected ducks (SH602-I group) were positive but with low titers (< 20 EID 50 /ml), in which the highest titer was 316 EID 50 /ml. Four out of six oralpharyngeal swabs in the SH602-C group were positive. For the FJ1761-I group at 3 dpi, 50% oralpharyngeal swabs were positive, but with titers less than 50 EID 50 / ml, in which the highest titer was 316 EID 50 /ml. However, the virus was not detected in the oralpharyngeal swabs of the FJ1761-C group. For SX3180/H10N7, only one sample was positive with a titer of 178 EID 50 /ml. No virus was detected in the oralpharyngeal swabs of SX3180-C group (Fig. 3A) . A greater percentage of cloacal swabs were positive at 3 dpi, suggesting that the viruses may be transmitted by the fecal-oral route. In the SH602-I group, 100% of samples were positive but at titers less than 100 EID 50 /ml, in which the highest titer was 1.78 × 10 3 EID 50 /ml. All samples in the SH602-C group were positive (< 100 EID 50 /ml), in which the highest titer was 562 EID 50 /ml. The titers of the FJ1761-I group at 3 dpi were higher than in the SH602-I group; 100% of oralpharyngeal swabs were positive with a mean titer of 282 EID 50 /ml, in which the highest titer was 1.78 × 10 4 EID 50 /ml. All swabs of the FJ1761-C group were positive with a mean titer of 10 2.13 EID 50 /ml, in which the highest titer was 3.16 × 10 3 EID 50 /ml. For SX3180/H10N7, 50% of samples were positive but at titers less than 100 EID 50 /ml. Two out of six samples were positive in the oralpharyngeal swabs of the SX3180-C group (Fig. 3A) .
The titers of the H10 viruses were lower in oralpharyngeal swabs at 5 dpi. Only one of seven samples was positive in the SH602-I and FJ1761-I groups, two of six samples were positive in the SH602-C group, and four of six samples were positive in the FJ1761-C group. Two of seven samples were positive in the SX3180-I group and three of four samples were positive in SX3180-C group (Fig. 3B ).
However, the virus titers of cloaca swabs increased at 5 dpi. Five of seven samples were positive in the SH602-I, FJ1761-I, and SX3180-I groups with mean titers of 501, 112, and 79 EID 50 /ml, respectively. Five of six samples were positive in the SH602-C group with the higher titer of 1.12 × 10 3 EID 50 /ml, and 100% samples were positive with titers of 135 and 380 EID 50 /ml for FJ1761-C and SX3180 group, respectively (Fig. 3B ).
The remaining seven ducks, including four inoculated and three contact ducks in each group were monitored daily for clinical signs. All survived the 14-day observation period. The ducks were euthanized at 3, 5 and 14 dpi and serum was collected for HI test. HI titers at 14 dpi were less than 32 in all groups (Fig. 3C ), No positive HI reactions were observed for sera collected at 3 and 5 dpi.
The three H10 viruses showed low virulence in Balb/c mice.
To determine the virulence of these H10 viruses in mice, each mouse was inoculated with 50 μ l of diluted viruses at a dose of 10 6 EID 50 . All mice survived until 10 dpi ( Fig. 4C ). HI titers were undetectable at all time points assayed. At 3 dpi, the mice had a lung titer of 5.62 × 10 5 EID 50 /g in the SH602/H10N8 group, much higher than that in the FJ1761/H10N3 and SX3180/H10N7 groups ( Fig. 4A ; p< 0.01). At 5 dpi, the virus titers were similar (Fig. 4B ). FJ1761/H10N3 replicatated in nasal turbinates to a titer of 4.78 × 10 3 EID 50 /g, which was much higher than the other groups (p< 0.01). Compared to the negative control challenged with 0.01M phosphate-buffered saline (PBS) buffer, all three H10 viruses induced a slight body weight loss of less than 5% (Fig. 4C) .
On day 3, mice infected with SH602/H10N8 showed minimal pathology in the lungs (Fig. 5B ). FJ1761/H10N3 and SX3180/H10N7 viruses showed a strong inflammatory response. For the mice infected with SX3180/H10N7, the lung lesions were characterized by diffuse pneumonia, thickening of the alveolar wall, shedding of the bronchial epithelium, slight infiltration of neutrophils in the bronchioles, and peribronchiolar and vascular edema and hemorrhaging (arrows in Fig. 5C ). The lung samples of the FJ1761/H10N3-infected mice were characterized by classical acute lung injury, which showed peribronchiolar lesions and bronchiolitis, interstitial and alveolar edema, inflammatory cell infiltration around small blood vessels, and thickening of alveolar walls (Fig. 5D , arrows). Control mice had no apparent histological changes (Fig. 5A) .
Sanger sequencing of the PB2 segments of viruses isolated from the lung samples revealed that two FJ1761/ H10N3 isolates had either a Q591K or E627K substitution. No mutations were detected in the third FJ1761/ H10N3 isolate or in any isolate from the other two viruses (Fig. 5D ). E627K and Q591K substitutions may thus be important mammalian-adaption mutations, as indicated in previous studies 29, 40 .
Discussion
Low pathogenic AIVs do not cause explicit symptoms in chickens or waterfowls 31 . In the last two decades, interspecies transmissions of these viruses to humans has occurred frequently 41 . During the spring of 2015, the World Health Organization (WHO) reported 132 human H7N9 infections with 44 deaths. However, H7N9 subtype AIV isolates do not possess a classical highly pathogenic phenotype 3 .
LPAIV strains are endemic to numerous host species, and many antigenically distinct strains co-circulate, such as H3N8 and H4N6 AIV isolated from domestic ducks, which play a central role in influenza persistence and reassortment 42 . As 65% of the global population of ducks are bred in China, this species formed the major source of influenza viruses to humans or poultry. In our study, compared to the location of HA sequences from SH602/ H10N8 and SX3180/H10N7 viruses, FJ1761/H10N3 virus was found in a different sublineage in the Eurasian lineage (Fig. 1) . The H10 subtype, in combination with various N subtypes, was previously thought to occur mainly in avian strains. For the NA segment, SH602/H10N8 virus was reassorted with an H3N8 strain from an American lineage. FJ1761/H10N3 virus was reassorted with an H7N3 virus, which was also found in human H7N9 viruses 34 . SX3180/H10N7 virus was reassorted with an H7N7 virus sublineage from the Eurasian lineage. Alignments of internal genes were more complex, with the three viruses appearing to be derived from H4N6 or H7N3 subtype AIVs. Especially, PB2 segment from FJ1761/H10N3 virus was highly homologous to the highly pathogenic H5N1 AIV from Eastern China (Fig. 1C) . PB2 had the classical mutation at 627 aa (Fig. 5D) , which also suggested a potential threat to humans or poultry 35 .
The three viruses had differing degrees of virulence in chickens (Table 1) . Hospital surveillance of patients with severe pneumonia found a novel H10N8 AIV in Jiangxi, China 25 . The H7N9 and H10N8 viruses in humans were reassorted in a similar pattern. All the six internal segments were derived from H9N2 viruses in chickens and its surface proteins were similar to viruses found in domestic ducks and wild birds 27 . Since the internal segments of the three isolates were not from H9N2 viruses (Fig. 1 ), whether these H10 viruses could infect or/and transmit among mammals or poultry is unclear.
Although challenged ducks did not show significant lesions in all tissues, oralpharyngeal and cloaca swabs showed different levels of virus shedding (Fig. 3) . Thus, the H10 viruses can replicate and circulate in domestic ducks by the fecal-oral route. The mechanisms of influenza virus replication and their interaction with the innate immune system are current areas of investigation 43, 44 . H10 viruses varied in their pathogenicity and their transmission in chickens or mammals, although they did transmit in ducks (Fig. 2) .
In 1984, the H10 subtype, in combination with an N4 influenza epidemic, occurred on Swedish mink farms, designated as mink/84 45 . The ns gene of this strain appears to have contributed to the virulence of the virus in mink by helping the virus evade innate immune responses 46 . Viruses of avian H1, H6, H7, H10, and H15 subtypes cause severe disease in mice and damage human lung cells 47 . H10 viruses interact weakly with human-like receptors and maintain a strong affinity for avian-like receptors 48 , however, the three H10 viruses isolated in this study replicated in mouse lungs without prior adaptation (Fig. 4) . The amino acid substitution from E to K at site 627 of the PB2 gene of FJ1761/H10N3 virus is the first step in virus adaptation in mammals and this substitution is host-dependent 29 . Compared to the three H10 viruses, we found that the PB2-E627K substitution significantly enhanced the pathogenicity of the H10N3 virus in one mouse and the PB2-Q591K substitution also slightly enhanced the virulence of the virus in another mouse. This mutation was found to contribute to mammalian pathogenesis for H9N2 49 , H7N9 50, 51 , and H5N2 52, 53 .
Taken together, from the complicated reassortant patterns and the complex virulence and transmission data for the three H10 viruses, we found these viruses caused no lesions to chickens or ducks, however, they might circulate in ducks and transmit in chickens, in which they could reassort with other subtypes. This might lead to the potential emergence of pandemic influenza virus in mammals.
Methods
Ethics statement. All animal studies were performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of Shanghai Veterinary Research Institute, CAAS (ID: SHVRI-PO-2014-0098) and all animal research was approved by the Animal Association of Science and Technology Commission of Shanghai Municipality, China (Permit Number: 2013-11). Ten-day-old specific pathogen-free (SPF) chicken embryos were obtained from Merialvital Co. (Beijing, China).
Viruses and cells.
During the routine surveillance from 2009 to 2010, 192 out of 4, 000 oropharyngeal swabs collected from domestic ducks, geese, and chickens were positively identified as influenza A virus according to results from hemagglutination assays (HA) and real-time RT-PCR amplification of M segments 39 . Three H10 viruses were chosen for further study here. All the viruses were grown in specific pathogen free (SPF) 9-days old embryonated chicken eggs at 37 °C for 48 h. The allonatic fluid was collected in vials and stored into − 80 °C until use. The viral titers were determined and calculated according to the Reed-Muench method for 50% egg infectious dose (EID 50 ) or 50% tissue culture infectious dose (TCID 50 ) on MDCK cells with minimum essential medium (MEM) with 2% bovine serum albumin (BSA) and 1 ug/ml trypsin treated with L -(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK). Sequencing and phylogenic analysis of the H10 viruses. To understand the genetic character of the three viruses, the whole genomes of the isolates were sequenced by RT-PCR. The vRNAs and cDNAs from the allonatic fluids of the three viruses were prepared as previously described 54 . Briefly, total RNAs were extracted by using the RNeasy kit (Qiagen Inc, Gaithersburg, MD) following manufacturer's instructions. Reverse transcription was carried out with the Uni12 primer (5′ -AGCAAAAGCAAGG-3′ ) and avian myeloblastosis virus (AMV) reverse transcriptase (Promega, Madison, WI). The cDNAs were stored at − 80 °C until use. The segments were amplified by PCR with the H10Nx universal primers using Phusion high-fidelity PCR master mix (New England Biolabs, Ipswich, MA) 54 . The PCR products and the ligated plasmids, in which the eight segments were subcloned into the pHW2000 vector, were sequenced by the Sanger method (GENEWIZ, Suzhou, China). The complete genomes of the three viruses are shown in Table 1 and then HA segments were analyzed and aligned by using MEGA6.
Intravenous pathogenicity index (IVPI) in chickens. The viruses were subjected to IVPI tests following the WHO Manual on Animal Influenza Diagnosis and Surveillance 39 . In brief, ten 6-week-old chickens were inoculated with 0.1 ml 1:10 diluted viruses via intravenous route and two chickens were inoculated with 0.01 M PBS as a control group. Clinical signs were observed daily over ten days. At each observation, each chicken was scored 0 (normal), 1 (sick), 2 (severely sick), and 3 (dead). The clinical assessment of sick and severely sick chickens include 'sick' chickens would show one of the following signs and 'severe sick' more than one of the following signs: respiratory sign, depression, diarrhea, cyanosis of the exposed skin or wattles, edema of the face and/or head, or nervous signs. The IVPI index is the mean score per chicken per observation over the 10-day period 39 .
The IVPI experiments and all the following animal experiments were approved by the Ethics and Biosafety Committee of Shanghai Veterinary Research Institute.
Pathogenicity and transmission of H10 viruses in chickens.
To identify the pathogenicity and transmissibility of H10 viruses, three groups of ten 4-week-old SPF chickens for the three H10 viruses were intranasally inoculated at an equal dose of 1 × 10 6 EID 50 per 100 μ l diluted in 0.01 M PBS buffer. Ten chickens were inoculated with 100 μ l PBS as negative control. At the second day post-infection (dpi), six 4-week-old uninfected chickens were introduced into each group as direct contacts. The swabs from oralpharyngeal and cloaca samples in the groups above were collected everyday and then stored at − 80 °C into 1 ml PBS containing 100 U/ml penicillin and 0.05 mg/ml streptomycin under sterile conditions. Three chickens from each challenge group were euthanized randomly at 3 dpi and 5 dpi. Lung, spleen, trachea, kidney, pancreas, and brain samples were collected and homogenized using a Tissue Lyser apparatus in 1 ml PBS under sterile conditions. Three of the direct contacts in each group were euthanized at 5 dpi. Oralpharyngeal and cloaca samples were also collected in PBS buffer. The solid debris was pelleted by centrifugation at 12, 000 rpm for 10 minutes, and the homogenates were used for virus titration in 9-day-old SPF embryonated chicken eggs. The remaining chickens were monitored daily for clinical signs, euthanized at 14 dpi, and the sera was collected for HI assays. The HI assay was conducted according to the WHO manual on animal Influenza diagnosis and surveillance 39 .
Pathogenicity and transmission of H10 viruses in ducks.
Duckling determined to be negative for H9N2, H5N1, H6N1, H3N6, and H4N6 subtype avian influenza viruses were obtained and used, 4-week-old ducks (10/group) were intranasally inoculated with 100 μ l viruses at a dilution of 10 6 EID 50 . At 2 dpi, 4-week-old uninfected ducks (6/group) were introduced into each group as direct contacts. Three inoculated ducks from each group were euthanized at 3 dpi and 5 dpi, and three contact ducks from each group were euthanized at 5 dpi. The remaining ducks were monitored daily for clinical signs, were euthanized at 14 dpi, and serum was collected for HI assays. The HI assay was conducted according to the WHO manual on animal Influenza 39 .
Virulence of H10 viruses in Balb/c mice. To determine the virulence of the H10 viruses in mammals,
Balb/c mice were infected intranasally. Female, 4-week-old Balb/c mice were purchased from Merialvital Co., Beijing. Studies were initiated when mice were 5 weeks old. Mice were anesthetized with isoflurane prior to intranasal inoculation. Each mouse received 1 × 10 6 EID 50 per 50 μ l intranasally (14 mice/group). Negative control mice received PBS buffer. Mice were monitored daily for 10 dpi for clinical signs of disease, including lack of grooming, presence of rough coat, respiratory distress or discharge, neurological signs, body weight loss, and survival. A scoring system was used and mice were euthanized if a moribund state was reached. Three mice/group were sacrificed at 3 dpi and 5 dpi, respectively, to determine virus titers in the samples from the nasal turbinate, lung, liver, spleen, kidney and brain. Surviving mice (8/group) were euthanized at 10 dpi. The sera were collected for HI assay. For virus titrations, tissues were weighed and homogenized with a tungsten carbide bead (200 mm) in 0.01 M PBS to produce a concentration of 0.1 g/ml (wt/vol) homogenate, which was oscillated 70 times at 1/s for 2 min in a Tissue Lyser apparatus 55 . After centrifugation at 12,000 rpm for 10 min, 100 μ l aliquots of the supernatants were collected and serially diluted into 9-day-old embyonated unvaccinated eggs. Virus titers were subsequently measured in EID 50 assays. Lung samples were also fixed in 10% formalin and subsequently embedded in paraffin for Hematoxylin and eosin (H & E) staining. All the experiments were carried out in triplicate and the means of results were used for optimization.
Statistical analysis.
All the data were graphed and statistical analyses were performed using the Prism 6 software (GraphPad, La Jolla, CA). Comparisons between two groups' means were carried out with a two-tailed Student t test, whereas multiple comparisons were carried out by an analysis of variance (one-way ANOVA method). The differences were considered statistically significant at P values of < 0.05 or < 0.01.
